The growth of Streptococcus fueciiim U N H~~~P and its production of triterpenoid carotenoids under a variety of culture conditions were examined. Total extractable cell lipid and carotenoid levels increased with culture age and paralleled the growth curve of the bacterium. Variations of the medium glucose concentration produced significant changes in both cell growth and carotenoid production, with the xanthophyll content decreasing at high glucose concentrations. Carotenoid degradation products were found i n highly aerated cultures although a high glucose concentration appeared to have a sparing effect on oxidative degradation. Culture age appeared to have little ef'fect on carotene: xanthophyll ratios. The significance of the production of total and individual carotenoids under the various culture conditions is discussed and related to a postulated scheme of triterpenoid carotenoid biosynthesis in the organism.
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I h I R O D U C T I O N
Tn the past, the effects of variations in a nuniber of parameters on carotenoid formation in micro-organisms have been investigated. Culture age and growth stage influence not only the total amount of carotenoid but also the specific type of carotenoid present. In general, carotenes (hydrocarbon carotenoids) are present in the greatest concentration during early growth stages while xanthophylls (oxygenated carotenoids), if these are present at all, predominate in the late-exponential and stationary phases of growth. Thus in the photosynthetic bacterium Rhodopseud~~~iorra., l~ul~rstris, the major carotenoid changes from lycopene (@,9-carotene) to spirilloxant hin ( I , I '-dimethoxy-3,4,3',4'-tetradehydr0-1,2, I ',2'-tetrahydro-fi,(/-carotene) as the culture ages from 6 days to 6 weeks (Goodwin, 1956 ). In Rhodospirillum rubrum, the carotenes reach a maximum concentration at 24 h but are not detectable at 72 to 96 h; spirilloxanthin reaches its maximum concentration in 72 to 96 h (van Niel, Goodwin & Sissins, 1956) .
The composition of the culture medium also influences carotenogenesis. In Acl7oIeo-plmma Iuidlaiiqii the carotenoid content of the plasma membrane can be increased by growing the cells in a sodium acetate-containing medium or decreased by using a medium containing propionate, thallium acetate or diphenylamine (Razin & Cleverdon, 1965 ; Razin & Rottem, 1967) . The total carotenoid content of E'icoccum nigrum Link was found to vary markedly as a result of changes in the medium glucose concentration; maximum carotenoid concentration resulted from a total depletion of glucose (Foppen, 1969) . Other studies on the effects of nutritional factors on carotenogenesis in micro-organisms have been reported in detail in a number of reviews (e.g. Goodwin, 1952 Goodwin, , 1955 Goodwin, , 1971 .
In identifying the carotenoids of the non-photosynthetic Gram-positive bacterium, r 1 medium, at 37 "C in the light and at 200 rev./min in an orbital shaker. For both types of culture, the basal aqueous medium contained the individual components of Trypticase soy broth (Difco) supplemented with yeast extract and phosphate (Taylor & Davies, rg74a) . Its composition was as follows ( : ; , w/v) : Bacto-tryptone (Difco), 1-7; Bacto-soytone (Difco), 0.3; NaCI, 5 ; K,HPO,, 0.25; NaH,PO,, 0.16; Na,HPO,, 0.09; yeast extract (Difco), 0.1. When necessary, the pH was adjusted to 6-8 with I M-NaOH before sterilization. For investigating the effect of glucose concentration on the production of individual carotenoids, the above medium was supplemented with 0.1, 0.25 or o*gq/o (w/v) glucose.
Batch cultures were inoculated with a 5";) (v/v) inoculum of a 24 h culture of S. faeciurn which had been grown in medium of the same composition as that to be inoculated. Bacteria were harvested from batch cultures with a Sharples continuous-flow centrifuge, washed once with 0.9:;) (w/v) aqueous NaCl solution, once with water, and frozen at -20 "C to await carotenoid extraction.
Detcrrnination of extinction, bacterial drj* Ii,c&4t anu'p H. The extinctions of cultures were determined using a Klett-Summerson colorimeter (Arthur H. Thomas Co., Philadelphia, Pennsylvania, U.S.A.) fitted with a No. 54 (520 to 580 nm) filter. Culture pH was determined (Pye Model 75 pH meter) on the supernatant solutions resulting from cell harvesting. Determinations of bacterial dry weight were made as reported previously (Taylor & Davies, i974a) .
Extraction and purijcation qf' carotenoids. Methods for solvent purification and for the extraction and purification of carotenoids from S. facmkuvl have been described (Taylor & Davies, 1974a , b, 1976 . The washed cells collected from batch cultures were repeatedly extracted until colourless by homogenization in 4'j0 (w/v) KOH in methanol. The resulting extracts were combined, I vol. water was added and the mixture was repeatedly extracted with 0.5 vol. diethyl ether until the aqueous methanol phase was colourless. The bulked ether extract was washed to neutrality with water, dried over anhydrous Na,SO, and concentrated to dryness in vacuo in a tared vessel. After weighing (extracted lipid, Table I), the residue was redissolved, if required, in 1 0 ml diethyl ether and the E435 of this solution used as an approximate measure of extracted carotenoid (Fig. I ) .
Individual carotenoids were isolated by column chromatography. The extracted lipid was dissolved in a small volume of diethyl ether and applied to a column (25 x 2 cm) of CF-i I cellulose (Whatman Biochemicals Ltd, Maidstone, Kent) which had been pre- 
Eflkrt of tiriic on gsoi\.tli and lillid production
To determine the effect of time on the growth and lipid content of S..faecizm, fifteen 2 I conical flasks, each containing I 1 of the stnndard medium with a 0 . 2 5~) ; glucose supplement and inoculated from the same 24 h starter culture, were incubated in the light at 37 'C. At various times from o to 48 h, the extinction and pH of the contents of one randomlyselected flask were determined, the cell\ harvested and the weight of extracted lipid and its E,:,, determined. The values recorded in this way for culture pH and extinction differed by no more than I ( ' ( , from those of a single control culture which was monitored throughout the experiment at the times chosen for harvesting the individual experimental flasks.
Exponential growth occurred during the period I to I 2 h after inoculation. The amount of 328 extractable lipid paralleled the growth curve but reached a maximum during the stationary phase (at 21 h) and then decreased to 539; of its maximum by the time the experiment terminated at 48 h (Fig. I) . The E435 values of the lipid extracts (indications of the amount of carotenoid present) also paralleled the growth curve, reached a maximum at 18 h, and then decreased slightly (by only 3O/b of their maximum value) until 48 h. The pH of the cultures decreased from 6.8 at o h to 5-7 at 1 2 h, and then remained constant.
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Efoct of gliicosc cwiccritration on groM9t1i
The effects of glucose concentration on growth were investigated in an experiment in which duplicate series of 50 ml conical flasks. each containing 25 ml basal medium supplemented with a different concentration of glucose ( 0 to 2-o0;, wlv), were inoculated from a sterile water suspension of cells. These had been grown on a medium with a 0.25';:~ glucose supplement for 24 h, after which time they were centrifuged and washed twice with sterile distilled water. The experimental cultures were maintained in the light at 37 'C for 24 h, and then the extinction and pH of each culture, and the cell dry weights at ten selected glucose concentrations, were determined.
Cell growth (measured by culture extinction and cell dry weight) increased with increasing glucose concentrations up to 0.50~6, but thereafter decreased rapidly up to r.07; glucose and then more slowly (Fig. 2 ) . Growth appeared to be related to medium pH, which decreased with increasing glucose concentration but reached a steady value (4.2) at glucose concentrations above 0.75:& The growth-limiting effect was presumably due to the buffering capacity of the medium being exceeded by an increased production of acid at high glucose levels.
Efect of glucose colic-cwtrution on carotenoid forniutioiz To study the effect of glucose concentration on carotenoid biosynthesis detailed quantitative comparisons were made (Tables I and 2 ) of the carotenoids formed in 24 and 48 h by 40 1 batches of cells growing at three selected glucose concentrations, namely 0.10, 0.25 and 0-50°& (wiv).
The lipid content of the cells showed a marked variation with different culture conditions ( Table I ) . The highest amount of lipid found in static cultures was in those grown in the presence of 0 . 2 5~~ glucose for 24 h, while the least amount was in those grown for 48 h on a medium containing the 0-1 0 ' ; glucose supplement. Quantitative analyses of the carotenoids of static cultures (Table I ) showed the highest concentration to be present after 48 h growth in the o*_soqi, glucose medium, while the lowest was again in the cultures containing O -I O~) ; glucose and grown for 48 h. When the levels of carotenes and xanthophylls were compared (Table I) , it was clear that carotene formation was higher at both 0.10 and 0-5ooO glucose than it was at 0.25~'~) glucose; there was little difference in the relative carotene and xanthophyll levels of 24 and 48 h cultures at the same glucose concentrations.
Estimations of individual carotenoids purified from the cell lipid extracts (Table 2 ) revealed that three carotenoids predominated. These were 4,4'-diapophytoene, 4,4'-diaponeurosporene and the major xanthophyll, 4-n-glucopyranosyloxy-4,4'-diaponeurosporene. As the glucose concentration increased from 0.10 to 0-50°:,, the proportion of 4,4'-diapophytoene in the total carotenoid decreased from 85 to 3r0,; there were concomitant increases in the levels of all the geometric isomers of 4,4'-diaponeurosporene, the proportion of all-trans 4,4'-diaponeurosporene increasing, for example, from 2 -3 to 41 cj (, of the total carotenoid in 24 h cultures. In static cultures, the glucoside attained its highest level in those containing 0.25(y0 glucose and fell to its lowest at 0.50(j0 glucose.
The changes in these and all the other carotenes and xanthophylls supported the generalization that, in static cultures of S. faeciim, less xanthophylls are formed at the expense of carotenes as the glucose concentration increases or decreases from 0.25;:. At a glucose concentration of 0.50'; 6, the major pigment is 4,4'-diaponeurosporene, the postulated carotene precursor of all the tri terpenoicl xanthophylls of S. fuociuni. 
Efect of growth conditions on the individual carotenoids of cultures of S. faeciurn UNH564P
Bacteria were cultured and the carotenoids determined as described for Table I * Percentages are calculated using the values for total carotenoid shown in Table I .
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Efect of shaking on carotenoid formation and degradation At an early stage in these investigations, it was observed that cells harvested from shake cultures were of a deeper yellow colour than those from static cultures. The phenomenon was investigated in more detail in an experiment in which lipid and carotenoid analyses were made of cells grown for 24 h in shake culture on media containing 0.25 and 0.507; glucose; the results of these analyses were compared (Tables I and 2) with those of cells grown in static culture under otherwise identical conditions.
The highest lipid concentration and lowest carotenoid content observed in all our studies were those of cells in shake cultures on the medium supplemented with 0.250/, glucose. Nearly all the pigments present were xanthophylls (Table I) , and these included ( Table 2 ) only the glucoside and what were assumed to be carotenoid degradation products. The latter were compounds which were eluted from cellulose and alumina with only the most polar of solvents, and which had multi-peaked electronic absorptions corresponding to none of the known carotenoid spectra. In the 0.25%, glucose shake cultures, nearly all the pigment consisted of such degraded material, while the glucoside was still the major carotenoid (comprising 747; of the total) in the 0.50:/~ glucose shake cultures.
It therefore appears that under conditions of increased aeration, carotenoid production by S. <faecium is directed primarily towards the formation of xanthophylls (which are then oxidatively degraded) and, at high glucose concentrations, to the formation of 4-D-glucopyranosyloxy-4,4'-diaponeurosporene. Under the latter conditions, the formation of the glucoside has a sparing effect on carotenoid degradation.
D I S C U S S I O N
These results show that carotenogenesis in 5'. faecium U N H~~~P is dependent on cultural conditions and medium glucose concentration. Carotenogenesis commenced at the onset of bacterial growth and the total carotenoid content increased with age and paralleled cell growth to become constant in the stationary phase (Fig. I) . It was also observed that the total extractable lipid decreased in late-stationary phase. Such a phenomenon has been observed by others, for example in membrane fractions from Sarcina aurantiaca (Thirkell & Gray, 1974) , and it may reflect either active metabolism of the lipid or the formation of complexes with carbohydrate or protein in late-stationary growth phase. In this context, it should be noted that the relatively low levels of extractable lipid reported here in Streptococcus faecium (e.g. 0.57% of the dry weight of cells grown for 24 h on a medium containing 0.25:; glucose) reflect the extraction method used, which was developed primarily for isolating non-saponifiable rather than total lipid. Extraction of S. faecium (24 h culture on a medium containing 0.25 "/o glucose) with chloroform-methanol showed the lipid content to be 5-86;, of the dry weight (Taylor and Davies, unpublished data); this is more likely to be an accurate estimate of the total lipid of the organism.
In general, no large alterations of the carotene and xanthophyll levels occurred as growth time was extended from 24 to 48 h, but the carotene : xanthophyll ratio in static cultures was extremely sensitive to changes in the medium glucose concentration (Table I ). The changes in this ratio may be related to the production of acid by the bacteria; bacterial growth was less than maximal at concentrations of glucose in excess of 0.50% and culture pH decreased with increasing glucose concentration but maintained a steady value (4.2) at concentrations above 0-752/0 (see Fig. 2 ). Total carotenoid production by the static cultures (Table r) formed when the glucose concentration was increased to 0*25(j;,, and maximum levels were attained with a total glucose supplement of 0 . 5 0~) ; . It appears that both carotenogenesis and cell growth in S. faecizim are related to the availability of glucose, the latter linearly u p to a critical pH of approximately 5-0 (corresponding to a glucose concentration of about 0-3500), above which both are partially inhibited. Bacterial growth, like carotenogenesis, appears to be optimal at a glucose concentration of 0 -5 0 ' , '~ (Fig. 2 ) . These observations are also consistent with the established view that the carbon:nitrogen (C:N) ratio in the growth medium is an important factor in controlling carotenogenesis in micro-organisms (Goodwin, 1952) . The amount of carotenoid formed increased with C:N ratio, but only until other factors, such as acid production by the organism, exerted a limiting effect. These studies also support the triterpenoid carotenoid biosynthetic pathway postulated for S. faeciuni and illustrated in Fig. 3 . 4,4'-Diapophytoene is converted, by three successive didehydrogenations, into the most unsaturated carotene of the organism, 4,4'-diaponeurosporene. These dehydrogenations are obviously favoured in static cultures by higher concentrations of glucose; an increase in glucose concentration from 0.10 to 0 * 5 0~)~, changed the proportions of diapophytoene and all-tram diaponeurosporene in the total carotenoid of 24 h static cultures from 85 and 2 " ( , respectively to 30 and 41 sL (Table 2 ) . 4,4'-Diaponeurosporene is thought to be the substrate for a 4-mono-oxygenase-catalysed formation of the primary allylic alcohol, 4-hydroxy-4,4'-diaponeurosporene (4,4'-diapo-7',8'-dihydro-P,c:/-caroten-4-01; Taylor & Davies, 1974b ). This alcohol is converted primarily into its glucoside but also, by oxidative side-reactions which may be the beginning of a degradation process, into its corresponding aldehyde, 4,4'-diaponeurosporen-4-al (4,4'-diapo-7',8'-dihydro-(r7i>-caroten-4-al) which dehydrogenates to yield 4,4'-diapolycopen-4-al ( 4 , 4 '-diapo-tl/,c,l/-caroten-4-a1; Taylor & Davies, I 976). The formation by static cultures of all these xanthophylls, and of the glucode in particular, was reduced at higher glucose concentrations (Table 2) . 334
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The highly aerobic conditions produced by rapidly shaking S. faecium cultures resulted in dramatic changes in carotenoid content ( Table 2 ) . In contrast to the conclusion of other workers that a high aeration (of a halophilic coccus; Aasen, Francis & Liaaen-Jensen, 1969) led to the increased production of some of the normal xanthophylls, our studies show that aeration of S. faecium cultured on a 0-25y0 glucose medium produced mainly carotenoid degradation products. It may be that aeration of aerobes leads to the production of normal carotenoids, but increasing the oxygen tension in cultures of facultative anaerobes (e.g. S. faecium) results rather jn carotenoid degradation. Aeration of S. faecium cultures at a higher glucose concentration (0.5076) led to the formation of a high proportion of ~-~-glucopyranosyloxy-~,~'-diaponeurosporene, the major xanthophyll of static cultures. The apparent sparing effect of a high glucose concentration on this xanthophyll may result from either a conversion of an easily oxidized, and therefore labile, xanthophyll(4-hydroxy-4,4'-diaponeurosporene ?) to its more stable glucoside (Fig. 3) , or an inhibition of carotenoid oxidation, a process crucial to the postulated role of carotenoids as preferred substrates in protecting non-photosynthetic bacteria from otherwise lethal photo-induced oxidations (Krinsky, 1971) .
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